The Action of some a-Amylases on Starch Granules BY GWEN J. WALKER AND PAMELA M. HOPE Department of Biochemistry, University of Sydney, Sydney, Australia (Received 24 May 1962) Many enzymes that can convert starch solution into sugars are known, but it is not known whether all the enzymes that degrade dissolved starch can also attack starch granules. The researches of early workers, which have been reviewed by Reichert (1913) , indicated that certain crude oc-amylases could slowly hydrolyse raw starch. The view is still held that o-amylase is responsible for the breakdown of intact starch granules (Kneen, Beckord & Sandstedt, 1941) , but it remains to be explained why the speed of the hydrolysis of raw starch observed in vitro is so much slower than in vivo. In the present paper the action is described of both crude and crystalline o-amylase from various sources on cereal, tuber and protozoal starch. Some factors that are of importance for the rapid digestion of starch granules are discussed.
MATERIALS AND METHODS
Tuber starch. Starch was prepared from potatoes as described by Schoch (1957) . Soluble starch (Lintner) was supplied by Hopkin and Williams Ltd.
Cereal starch. Waxy-maize starch was prepared by the method of Schoch (1957) from hand-sorted single-cross Tapicorn seed kindly given by the Bear Hybrid Corn Co., Ill., U.S.A. Maize starch was prepared similarly. Rice starch was prepared as described by Whelan (1955) .
Protozoal starch. Starch was prepared from the rumen ciliates Holotricha spp. as described by Mould & Thomas (1958) , the deproteinization with organic solvent being omitted. Maltose hydrate was supplied by Thomas Kerfoot Ltd., Vale of Bardsley, Lancs. Sodium deoxycholate was Laboratory Reagent grade (British Drug Houses Ltd.).
Amyla8e8. Saliva was collected from several people and centrifuged after 1 hr. to remove mucins. Salivary xamylase was purified by the method of Fischer & Stein (1961) . Human salivary a-amylase (crystalline) was a gift from Dr E. A. Stein. A crude a-amylase from pig pancreas was prepared by grinding the minced pancreas (148 g.) with borate buffer (60 ml.) at pH 8-5. The mixture was allowed to stand at 00 for 1 hr. with occasional stirring, and then was filtered through gauze. The extract was clarified by centrifuging at 80 OOOg and an acetone-dried powder was prepared from the supernatant. A portion (489 mg.) of this powder was extracted with a solution (5 ml.) containing 01M-sodium chloride, 001Xm-calcium acetate and 0 02M-tris-maleate buffer, pH 6-9. The insoluble material was removed by centrifuging and the clear extract (7500 units/ml.) was used as the source of crude oc-amylase. Pig pancreatic m-amylase (crystalline) was purchased from the Worthington Biochemical Corp., Freehold, N.J., U.S.A. A crude BaciluBs8Ubtili8 a-amylase was prepared from the extracellular x-amylase produced in a broth culture of B. subtilis. The broth was clarified by centrifuging and dialysed against distilled water containing 1 mM-Ca2+ ion to remove reducing substances. The dialysed broth (400 units/ml.) was used as the source of crude oc-amylase. BaciUus subtilis a-amylase (crystalline) was a gift from Daiwa Biochemical Products Co. Ltd., Osaka, Japan. A crude Aspergillqs oryzae oc-amylase was prepared from Clarase 900 supplied by the Takamine Laboratory Inc., N.J., U.S.A. Clarase 900 (6 g.) was stirred slowly with water (37.5 ml.) at 20 overnight. The undissolved residue AMYLOLYSIS OF STARCH GRANJLES Amylase activity. (i) Dissolved starch. The digests (5 ml.) contained 1 % of starch solution, 10 mM-trismaleate buffer, 1 mm-calcium acetate and enzyme (1 unit). The digests were buffered to the optimum pH of the amylase being assayed (pH 6-9 for salivary and pancreatic oc-amylase, pH 6-4 for B. subtilis oc-amylase and pH 5-7 for A. oryzae oc-amylase). Sodium chloride, when present, was 10 mM. The copper reagent of Shaffer & Hartmann (1921) was used to obtain a reducing value for the digest, from which an apparent maltose value was calculated. Provided that the reducing power liberated by the enzyme did not exceed the equivalent of 7-5 mg. of maltose in 30 min. the hydrolysis was proportional to enzyme concentration. One unit of activity was defined as the amount of amylase that produced 5 mg. of apparent maltose in 30 min. at 350 under the above conditions. Unless stated otherwise, saliva from one person (G. W.) was used throughout. The activity of this saliva was about 300 units/ml.
(ii) Starch granules. Raw starch (50 mg.) replaced dissolved starch in the digest described above and the flasks were shaken to maintain the starch in suspension. At least 10 units of amylase activity were added. It was confirmed that no adsorption of maltose occurred on the starch granules and that maltose could be correctly determined in the activity digests.
(iii) Ratio of amylase activity on dissolved and raw starch. The results for amylase activity were expressed in terms of the ratio D and at intervals obtained from these results were not constant were withdrawn (Fig. 1) , and gradually increased from 6 at pH 4-8 'he samples were to 18 at pH 7.9. mined 4 0 amylase Effect of temperature on salivary a-amylase action.
3 incubated with The action on dissolved maize starch and maizersis was the same starch granules of both saliva and crystalline aad destroyed the amylase was studied at a range of temperatures oth starch sub-between 250 and 500. At temperatures higher than 4). 500 there was a possibility that gelatinization of Imyloly8si of dis-some of the starch granules would occur; for this es. The action of reason no estimations of a-amylolysis were made ;e starch and on above 500. In a control experiment in which starch [in varying con-granules in digests without a-amylase were kept for e of a-amylolysis 1 hr. at the same range of temperature, then cooled ted in a similar to 250 and incubated with enzyme, the degree of at value was ob-hydrolysis was the same in all cases. This showed that the granules had not been ruptured and that no irreversible swelling ofthe granules had occurred.
Of saliva, purified The results, shown in Fig. 2 Adsorption of salivary a-amylase on starch granules Rate of adsorption on maize-starch granules. Saliva was shaken with maize-starch granules at three different temperatures. Controls without starch granules were treated similarly. At intervals samples were withdrawn and the granules removed by centrifuging for 2 min. The amylase remaining in the supernatant was determined by testing the activity on dissolved starch. By comparing this result with the amylase activity in the controls the extent of adsorption could be determined. It was found that within 30 min. the enzyme was adsorbed to the fullest extent possible under the conditions of the experiment (Table 6) .
Effect of temperature on the degree of adsorption. The results shown in Fig. 2 suggested that the value for D/R might increase with decrease in temperature because of the increased adsorption of a-amylase on starch granules at lower temperatures.
This was found to be the case when saliva was shaken with maize-starch granules at four different temperatures for 30 min. The amylase activity still remaining in solution in each digest was expressed as a percentage of the activity in controls incubated without starch. Adsorption was greatest at the lowest temperature (Table 7 a). When adsorption experiments were conducted at higher Table 5 . Activation of salivary ac-amyla8e by chloride ions Saliva was dialysed against runming tap water for 1 day and against distilled water for 2 days. The dissolved-starch digests contained 3 units of enzyme and were incubated for 20 min. The starch granules were incubated for 30 min.
with 30 units of enzyme. Incubation was at 390 and pH 6-9.
, , . . Table 7 b) showed that adsorption was dependent on pH, the extent of adsorption increasing as pH was raised.
Conen. of chloride
The conditions that yielded low values of DIR were high temperature and low pH (Figs. 1, 2 ). Under these same conditions the adsorption of a-amylase on starch granules was decreased (Table  7a and b). It followed therefore that, when the correct combination of temperature and pH was found for reducing adsorption to a minimum, these granules from 350 and pH 7 to 450 and pH 7 the amylase activity remaining in solution was increased 3*5-fold (Table 7c) . At the same time hydrolysis of the granules was also increased. It appeared that cx-amylase was not adsorbed in a manner that facilitated hydrolytic degradation of the granule. Release of oc-amylase from starch granules. The reversibility of the process by which ac-amylase is removed from solution by starch granules could be demonstrated by allowing a-amylase to adsorb on starch granules at 00 and by then raising the temperature to release part of the oc-amylase into solution. In one experiment, saliva (10 units) was shaken with maize starch (50 mg.) for 30 min. at 00. The starch was removed by centrifuging at 00, and the supernatant was found to contain no amylase activity. After the starch granules were shaken with lOmM-tris-maleate buffer, pH 6 9, at 400 for 30 min.
it was shown that 25 % ofthe oc-amylase was present in solution. This experiment could not prove that a-amylase was fully active when adsorbed on starch at 00, since during the incubation at 400 the enzyme again distributed itself between the granules and the suspending medium. Also, some of the oc-amylase released at 400 was unavoidably adsorbed again during the short period of centrifuging at room temperature. A second experiment was designed to give complete release of oc-amylase from starch granules. As described above, saliva (10 units) was adsorbed on starch granules at 00 and then the granules were suspended in dissolvedstarch solution (50 mg.) for 30 min. at 400. After removal of the starch granules the supernatant solution was found to contain 9 units of amylase activity. Dissolved starch, having a higher affinity for a-amylase than starch granules, released most of the enzyme from the granules, a phenomenon previously described by Ambard (1921) .
In another experiment, starch granules (50 mg.) that had adsorbed crystalline salivary oc-amylase (10 units) at 00, as described in the preceding experiments, were suspended at 400 in a solution (5 ml.) containing 10 mM-sodium chloride and 10 mM-tris-maleate buffer. The rate of hydrolysis of the starch granules in this digest was compared with that of a control in which the a-amylase was added to the granules at 400. The results (Table 8) showed that the oc-amylolysis proceeded at the 456 1963 AMYLOLYSIS OF STARCH GRANULES same rate in each case. During the incubation, tests for a-amylase activity revealed that both digests contained similar amounts of enzyme in solution (Table 8 ). Degradation of the starch granules allowed a slow release of x-amylase into solution.
Effect of oL-amylase concentration on the degree of adsorption on maize-starch granules. In previous experiments the amount of oc-amylase included in digests containing starch granules was variable.
Since this is a factor that could influence the extent of adsorption, the effect of enzyme concentration on percentage adsorption was determined. The results (Table 9) were fitted to Freundlich's equation, used in the form m = k,Ck2 where m is amount adsorbed and c is equilibrium concentration of a-amylase. A linear relation was found between log m and log c. Effect of chloride ions on adsorption. Salt may influence adsorption in two ways. Hockenhull & Herbert (1945) found that the adsorption of the amylase of Clostridium acetobutylicum on starch was inhibited by salts. In other cases salts enhance adsorption; this has been termed 'salting-out' adsorption by Tiselius (1950) . When dialysed saliva was shaken with starch granules in the presence and absence of Cl-ions (Table 10) , adsorption of a-amylase on the granules was not influenced by the presence of 100 mM-chloride. The difference that occurred at 300 could be accounted for by the tenfold amount of amylase present in the digests incubated without Cl-ions. Effects due to amylase concentration were expected to be less marked at 00.
Adsorption of salivary oc-amylae on starch granules of different size from different sources. Schwimmer & Balls (1949) found that the efficiency of adsorption of malt oc-amylase on starch at 00 in the presence of 40 % ethanol was inversely proportional to the granule size. As shown in Table 11 , the adsorption of salivary o-amylase on various starches at 350 also showed a marked variation. Adsorption was greatest on protozoal starch, which, having granules of very small size, presented a large surface area for the adsorption of oc-amylase. Potato-starch granules were the largest in size but showed the lowest adsorption of all starches investigated. Rice starch was hydrolysed very rapidly so that the adsorption of ax-amylase on the granules was apparently less than would be predicted from the size of the starch granules. As the starches became degraded amylase was released into solution. Potato starch was not hydrolysed by the enzyme, and the adsorption of oc-amylase increased with time. Acid-treated granules of potato starch (Lintner) were degraded during the first few minutes, but since the amylase was rapidly inactivated the extent of its adsorption could not be calculated. 10-4 13-2 14-1 14-9 14-8 14-3 (b) Increasing concentration of phosphate. Digests contained 10% of bile and were incubated for 1 hr. at 35°w ith 10 units of saliva.
Phosphate buffer Action of 8alivary a-amylase and Bacillus subtilis c-amylase on potato-starch granules Salivary a-amylase did not degrade potatostarch granules under conditions that led to a rapid attack on maize-starch granules (Table 11) . A slight hydrolysis was obtained when 500 times the amount of enzyme was used. In this way it was calculated that purified salivary a-amylase was 1000 times as active on maize-starch as on potatostarch granules. Crystalline Bacillus subtili axamylase was similarly 1150 times as active on maize-starch as on potato-starch granules.
Effect of detergents on the hydrolysis of starch granules Bile. Pig bile was stored at 00 for 3 days. At the end of this period the bile contained no amylase activity and did not inactivate salivary a-amylase. The presence of bile in standard starch-granule digests resulted in an increased hydrolysis of maize-starch granules by salivary oc-amylase. A concentration of 10-15 % of bile was the most effective and phosphate buffer enhanced the activating effect of bile (Table 14a , b). In the absence of bile, phosphate buffer did not stimulate increased hydrolysis of starch granules.
Sodium deoxycholate. The rate of hydrolysis of maize-starch granules was increased by 30 % when sodium deoxycholate (0-1 %) was present (Table  14c) . No such activating effect was observed in digests containing dissolved starch. Badenhuizen (1959) stated that amylases do not act on native-starch granules unless some swelling has occurred. In consequence starch granules are incubated with amylases at 37-40°, a temperature which is high enough to cause sufficient swelling for the granules to become accessible. The results described in the present paper suggest another reason why amylases should be incubated with starch granules at 40-45°. Although the adsorption of a-amylases on granular starch in the presence of cold ethanol has long been known (Holmberg, 1933; Hockenhull & Herbert, 1945; Schwimmer & Balls, 1949) , few workers (Ambard, 1921; Boekestein, 1932) have studied the efficiency of adsorption at higher temperatures. The relationship between adsorption of amylase and the amylolytic degradation of the starch granule has not been considered.
DISCUSSION
The results of the present experiments suggest that the increased rate of hydrolysis of starch granules at higher temperatures is due more to decreased adsorption of the enzyme on the granules than to increased swelling of the granules. PotatoVol. 86 459 starch granules have higher swelling power and lower gelatinization temperature than maizestarch granules. On this basis one would expect potato-starch granules to be more easily digested than the more rigid maize-starch granules, yet the reverse is well known to be true. None of the amylases in the present study could degrade potatostarch granules. Balls & Schwimmer (1944) also found potato-starch granules much more resistant than maize-starch granules to their enzyme mixture of mould bran and pancreatin, and Hattori & Takenchi (1961) reported that rice-, corn-and wheat-starch granules were digested more easily than potato-starch granules by a purified amylase from Endomycopsis fibuliger. Turvey & Hughes (1958) have suggested that, in the potato, starch granules are degraded by phosphorylase and not by a-amylase. Additional evidence of a relationship between the degree of adsorption of salivary a-amylase and the rate of amylolytic degradation of maize-starch granules was given in experiments conducted at different pH values. Adsorption of amylase was greater at pH 7-8 than at 4-7 (Table 7b and c), and values of DIR increased with pH (Fig. 1) . Thus when adsorption of amylase on the starch granules was decreased the rate of digestion of the starch was increased. Schwimmer & Balls (1949) have concluded that the site for adsorption of malt aamylase on starch granules at 00 is not the same as the site of union of enzyme with substrate to form a hydrolysable complex. The same conclusion has been reached in the present work. When salivary oc-amylase was incubated with starch granules, a large proportion of the enzyme could be adsorbed on starch by choosing (a) a low temperature, (b) a high pH, and (c) a small-sized starch granule, which would present a large surface area for adsorption of the enzyme. These three conditions all led to a decreased rate of hydrolysis. Values of D/R were high at low temperature and high pH (Figs. 1, 2) , and holotrich-starch granules (1 ,u diameter) were hydrolysed more slowly than maizestarch granules (25 , diameter). The greater ease of hydrolysis of rice-starch granules compared with maize-starch granules (Table 11) could be due to a solubilizing effect on the granule of the alkaline treatment of the rice grains, which occurred during the preparation of this starch. Sandstedt (1955) noted that the action of a malt extract from wheat was two to three times as rapid on rye-starch granules (40-50 ,u diameter) as on wheat-starch granules (2-8 , and 25-35 ,u diameter) .
Further evidence that adsorption does not take place in a manner that is favourable for hydrolysis was given in experiments with potato-starch granules, which adsorbed salivary oc-amylase without being hydrolysed by this enzyme.
Although adsorption does not lead to hydrolysis, and must in fact be avoided if rapid degradation of starch granules is to occur, the present experiments have indicated that the ability of a particular ocamylase to digest maize-starch granules may be associated with its ability to adsorb on the granules. P-Amylase from sweet potatoes and a-amylase from Aspergillus oryzae were not adsorbed at either 350 or 00 and these amylases did not degrade starch granules. Bacillus subtilis a-amylase was not adsorbed at 350 but was adsorbed at 00; its hydrolytic activity towards starch granules was low. Both salivary ac-amylase and pancreatic cx-amylase were strongly adsorbed on the granules, the adsorption being appreciable even at 350; these two amylases attacked maizestarch granules extremely rapidly. At 500 salivary oc-amylase hydrolysed granular starch at oneeighth of the rate of action on dissolved starch. Further work with a wide variety of oc-amylases would be necessary before a confident prediction could be made that amylases that can be adsorbed on cereal-starch granules are consequently capable of degrading the granules.
Care was taken with the preparation of the starch granules to avoid mechanical damage. Damaged granules are reported to be much more susceptible to amylolytic degradation than normal granules (Jones, 1940) , and when a granule is crushed or otherwise physically injured it swells in cold water in the same manner as a normal granule does in hot water (Sandstedt, 1955) . In spite of the mild conditions used in the present work many of the waxy-maize granules appeared broken. The results in Table 11 showed that granules of waxy-maize starch, though less physically perfect than maize starch, were more slowly hydrolysed. When the amylolytic degradation of two commercial maize starches was compared with the laboratory preparation, little difference in rate of hydrolysis was seen. It might have been expected that the commercial preparations of starch would have undergone a more rigorous treatment during extraction, resulting in more damage, with concomitant ease of hydrolysis. The experiments reported in this paper suggest that starch granules can be extracted from the plant material without damage and that a broken or cracked granule is an indication of either enzymic activity or adverse environmental conditions during the growth of the parent plant. The fact that a specimen of native maize starch can be completely digested by one type of amylase, for example salivary oc-amylase (Fig. 3) , and yet be completely resistant to another type of oc-amylase, for example Aspergillus oryzae x-amylase (Table 12c) , rules out any possibility that enzymic degradation of raw starch is dependent on prior mechanical damage. 460 1963 AMYLOLYSIS OF STARCH GRANULES Sandstedt & Gates (1954) found a wide variation in the ability of amylases from various sources to digest raw starch. Their enzymes were from 165 to 7000 times as active on dissolved starch as on raw starch. This variation was considered to be due either to fundamental differences in the properties of the oc-amylases or to the possibility that the enzymes responsible for the digestion of raw starch were not oa-amylases, so that a raw-starch enzyme different from a-amylase would be necessary for degrading starch granules. The experiments with salivary oc-amylase reported in the present paper have demonstrated conclusively that no special raw-starch enzyme exists in saliva, and that it is the oc-amylase in saliva which is responsible for the digestion of maize-starch granules. The results were as follows. (i amylase systems contained an enzyme or factor other than oc-amylase, which was required for the digestion of granular starch, then the crystalline a-amylases prepared from the crude sources would have had little or no action on starch granules. Schwimmer (1945) found that the addition of maltase from Aspergillus oryzae considerably accelerated the degradation of starch granules by pancreatic oc-amylase. In the present experiments salivary maltase did not influence the degradation of maize-starch granules by saliva. Sandstedt & Gates (1954) have shown that there is an increased rate of digestion of raw starch in the presence of the cationic detergent Roccal. When the bile salt sodium deoxycholate was tested in this respect (Table 14) the maximum increase in rate of hydrolysis was 30 %. The activating effect occurred only in the presence of phosphate buffer, an observation previously noted with Roccal. SUMMARY starch-granule-degrading activity 1. ac-Amylases from human saliva, pig pancreas, ylase activity occurred when the Bacillus 8ubtilis and Aspergillus oryzae, and ,Bpartially inactivated by heat. amylase from sweet potatoes, were examined for of starch granules by saliva was their action on starch granules.
-ions to the same extent as the 2. Salivary oc-amylase rapidly degraded maizevation of salivary oc-amylase by starch granules. The starch-granule-degrading (Table 5 ). (iv) Crystalline salivary activity relative to the hydrolysis of dissolved rude saliva had the same ratio of starch varied according to the pH and temperature ities with both dissolved starch of the reaction. granules. 3. Adsorption of salivary oc-amylase occurred on Le enzyme was as active as the the surface of starch granules. The extent of in the hydrolysis of starch granules adsorption increased at low temperature and high mylases studied. If the crude-pH; if conditions of temperature and pH were chosen whereby adsorption of the enzyme was decreased, the rate of hydrolysis of starch granules was increased.
4. The efficiency of adsorption was proportional to the surface area of the starch granules and the adsorption obeyed the Freundlich adsorption equation.
5. Pig pancreatic a-amylase behaved in a similar manner to salivary ac-amylase in its hydrolytic action on raw starch and in its adsorption on starch granules. Bacillus8subtilis oc-amylase hydrolysed maize-starch granules slowly; this amylase was adsorbed on the granules at 00 but not at 350. Vol. 86 461
